A cytoplasmic ribozyme expression system, based on codelivery of a ribozyme vector, a T7 autogene vector, and T7 RNA polymerase (RNAP), has been developed and used to generate a specific phenotype in zebrafish by targeting a no tail (ntl) mRNA. The expression of the no tail ribozyme sequence is under the control of a tandem of two promoters: The T7 promoter and an adenoviral va 1(pol III) promoter. The coinjection of the ribozyme vector pT7vaRz, the T7 autogene vector pT7T7, and the T7 RNAP resulted in rapid synthesis of the ribozyme against the ntl mRNA in the cytoplasm of the injected zebrafish embryos, generating no tail phenotypes in up to 10 -20% of the injected embryos. The phenotypic change rates have been found to be related to the concentrations of the plasmid vectors and T7 RNAP injected and to the ratios of the three injected components. This cytoplasmic ribozyme expression system may be useful for efficiently targeting other mRNA and for various biomedical applications. These potential applications may include rapid identification of biological functions of novel genes from zebrafish and humans based on partial gene sequence information and gene therapy of genetic and acquired diseases.
Introduction
Ribozymes have been used extensively in biological research and biomedical applications in cancer (1) (2) (3) (4) , AIDS (5) (6) (7) , and in the elucidation of the molecular mechanisms of developmental/regulatory pathways (8, 9) and the roles of certain proteins in these pathways (10, 11) . We have recently used a hammerhead ribozyme expressed by a T7 autogene system to target the ntl gene in zebrafish, and for the first time have successfully demonstrated the no tail phenotype in the manipulated wild-type zebrafish embryos resulting from the reduction of the ntl mRNA (12) .
There are several unique features associated with this T7 autogene ribozyme system:
• T7 RNAP is coinjected with the ribozyme vector directly into the cytoplasm of the fertilized zebrafish eggs to jump start the synthesis of both the ribozyme and the T7 RNAP. Since the T7 RNAP is a bacterial phage enzyme and is found to be localized only in the cytoplasm of eukaryotic cells (13, 14) , the ribozyme synthesis by the T7 autogene system is also localized in the cytoplasm, instead of in the nucleus as with most other vectors.
• Because of the cytoplasmic localization of the vector and T7 RNA polymerase, the ribozyme synthesis occurs immediately after the vector and T7 RNAP are coinjected into the zebrafish eggs. There are no delays such as those associated with nuclear membrane entry and protein synthesis required by the nuclear vectors.
• In the ribozyme vector, in addition to the T7 promoter, there is also a va (pol III) promoter that is able to further increase the ribozyme synthesis. These three features, cytoplasmic localization, rapid ribozyme synthesis, and high levels of the ribozyme synthesis may be the most important factors that contributed to the efficiency of the T7 autogene/ribozyme expression system and to phenotype generation.
In this study, the solutions containing either the pT7vaRz vector, the pT7T7 vector or CMV promoter-driving T7 RNAP expressing vectors, with or without the T7 RNAP, mixed in different ratios, were injected into the fertilized zebrafish eggs to evaluate the differential contributions of the components of the injection solution in the generation of the no tail phenotype.
Materials and Methods
Plasmid DNA Vectors and Cells Plasmid pT7T7 ( Figure 1A , EMBL accession number: Z32692), which contains a T7 autogene, was constructed as previously described (14) . The plasmid pT7-2 was made by deleting the encephalomyocarditis virus internal ribosome entry site (EMC-IRES) sequence from plasmid pTM-1 (15) . The pGvaRz plasmids were constructed by insertion of a DNA fragment encoding the no tail ribozyme molecule with different flanking sequences into the Sal I/ Pst I sites of the pGvaL vector (a gift of Dr. Kay. 16). In the pGvaRz plasmid, the expression of the ribozyme was under the control of a human adenovirus type 2-associated vaRNA I (va) gene promoter, which is an RNA polymerase III promoter. The pT7vaRz plasmids were constructed by insertion of the 500 bp Xba I/Sac I fragment from pGvaRz, which contains the va promoter expression cassette and the ribozyme sequence, into the EcoR I/Sac I sites of the pT7-2 plasmid vector. In pT7vaRz plasmids, the ribozyme sequence is driven by both a T7 promoter and a va
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promoter ( Figure 1B ). To compare cytoplasmic and nuclear ribozymes, a pCMVT7 vector with a T7 RNAP gene driven by a CMV promoter, and a pCMVT7nls vector with a T7 RNAP gene carrying a nuclear localization signal sequence (T7nls) also driven by a CMV promoter, were constructed and used side by side in zebrafish egg injections with the pT7vaRz vector. The T7nls gene, which was made by insertion of an SV40 nuclear localization signal (nls) sequence into the T7 RNAP gene, encodes a protein that has been shown to be localized in the nucleus of the transfected mammalian cells and to be active as an RNAP (unpublished result). Bacterial Escherichia coli strain HMS174(DE3) pLysE was used to propagate the pT7T7 plasmid (14) , and E. coli DH5α was used as the host cell for all other plasmids. Plasmid DNA was prepared by using a Qiagen Plasmid Maxi Kit (Qiagen Inc.).
Zebrafish Maintenance and Microinjection of Fertilized Zebrafish Eggs
Zebrafish were maintained in our zebrafish facility, which has a day-night light cycle controlled by an automatic timer (15 hours light/9 hours dark). Fertilized zebrafish eggs were produced and harvested as described by Westerfield (17) . To obtain fertilized zebrafish eggs at the one-cell stage, the breeding tanks were siphoned every 15 minutes starting from the first spawn. After the egg collection, the chorion of the eggs was removed by incubation with DMEM medium containing 0.125% trypsin (Gibco BRL, 1: 300) at 28.5°C for 3-5 minutes, as previously described (18) . Zebrafish egg microinjection was performed under 40-80X magnification using a dissecting microscope and a homemade micromanipulator, which holds an injection pipette and can be moved in a three-dimensional manner. Approximately 2 nl of DNA solution was microinjected into the cytoplasm of the dechorionated fertilized eggs at the one-cell stage, as previously described (19) . Injection of a volume larger than 2 nl would result in a much lower survival rate and a much higher rate of developmental abnormalities in the injected embryos. Zebrafish embryos develop rapidly at room temperature, therefore the time window for the microinjection is less than 15 minutes. In our lab, about 150 eggs can be injected in such a period of time. The manipulated embryos were kept at 28.5°C in the Embryo Medium (17) containing 100 µg/ml ampicillin in an agarose bottomed petri dish.
DNA solutions for microinjection were made by diluting plasmid DNA in a low concentration ST solution (25 mM NaCl, 2.5 mM Tris.Cl, pH 7.0). When the T7 RNAP was included, the DNA solution was made by mixing 1 µl of T7 RNAP (50 units/µl, New England BioLabs) with 2 µl of pT7T7 plasmid DNA (100 µg/ml) and 18 µl of pT7vaRz plasmid DNA (100 µg/ml). A plasmid DNA concentration of 100 µg/ml was selected to achieve the maximum transgene expression levels possible while maintaining reasonable survival rates for the manipulated embryos. At this concentration, about 10 7 copies of pT7vaRz plasmids (3.53kb) were injected into each egg. Microinjection of higher concentrations of DNA resulted in significant nonspecific damages to the manipulated embryos and in much lower survival rates. Only the circular form of plasmid DNA was used in this study, because it was believed that the circular form of DNA can persist and be expressed in the fish embryos longer than the linear form (19, 20) .
Design of Hammerhead Ribozymes
The RNAdraw program (21) was used to determine the secondary structure of the ntl mRNA molecule. The program was directly downloaded from the internet (http:/ /mango.mef.ki.se/~ole/rnadraw/rnadraw.html). The sequence of ntl cDNA, with a total length of 2237 bp (22) , was input into the RNAdraw program and the secondary structure of the ntl mRNA at 28.5°C was computed. The secondary structure of ntl mRNA predicted by the RNAdraw program contains a total of 160 loops. Figure 1 . T7 autogene vector pT7T7, ribozyme vector pT7vaRz, and no tail ribozyme with its ntl mRNA target. A. pT7T7 (14) . PT7 = T7 promoter, T7 RNAP = the T7 RNAP gene, TT7 = T7 transcription termination sequence, EMC = EMC-IRES as described in the Materials and Methods. B. pT7vaRz (12) . C. The secondary structure of the no tail ribozyme and its ntl mRNA substrate.
Based on the predicted ntl mRNA secondary structure, all the GUC sites and CUC sites in the loops and unpaired regions were selected for further analysis, because it has been shown that the hammerhead ribozymes cleave their substrates at GUC and CUC sites at much higher frequencies (23) . To ensure that the ribozyme-cleaved ntl mRNA does not yield a truncated polypeptide with full or partial biological functions, the selected target sites should be located 3' of, but most 5' proximal to, the translation start codon AUG of the targeted mRNA.
Three such accessible sites in the predicted ntl mRNA secondary structure were selected for the ribozyme design. The first target is a CUC site at position 435 of the ntl mRNA (518 at the ntl cDNA), located on a 14 nucleotide (nt) loop, loop 49 (Figure 2A ). The second target is a CUC site at position 365 of the ntl mRNA (448 at the ntl cDNA), located on a 12 nt loop, loop 44 ( Figure 2B ). The third target is a GUC site at position 564 of the ntl mRNA (647 at the ntl cDNA), located on a 9 nt loop, loop 64 ( Figure 2C ). The ribozyme-targeted sequences surrounding these three sites are 5'-AAU AAA CUC AACGGA GG -5, 5'-CCC GGA CUC ACC CAA CU -3', and 5'-AUU GCA GUC ACA GCA UA -3', respectively, when a hammerhead ribozyme with 8 nts on either binding arm was used.
Three hammerhead ribozymes were designed to target these three selected sites. A pair of complementary oligodeoxynucleotides was synthesized (Oligo Therapeutic Inc.) for each hammerhead ribozyme according to its targeted sequence on the ntl mRNA. The oligos of each pair were annealed to form a double-stranded DNA fragment with a Sal I half-site on its 5' terminus and a PstI half-site on its 3' terminus. This fragment was then cloned into the SalI/PstI sites of the pGvaL vector as described above.
For the hammerhead ribozyme targeting the CUC435 site, the sequence of oligo 1 (47 mer) was: 5'-TCGACCTCCG TTCTGATGAG TCCGTGAGGA CGAAAGTTTA TTCTGCA-3', and the sequence of oligo 2 (39 mer) was: 5'-GAATAAACTT TCGTCCTCAC GGACTCATCA GAACGGAGG-3'.
For the hammerhead ribozyme targeting the CUC365 site, the sequence of oligo 1 (48 mer) was: 5'-TCGACAGTTG GGTCTGATGA GTCCGTGAGG ACGAAAGTCC GGGCTGCA-3', and the sequence of oligo 2 (40 mer) was: 5'-GCCCGGACTT TCGTCCTCAC GGACTCATCA GACCCAACTG-3'.
For the hammerhead ribozyme targeting the GUC564 site, the sequence of oligo 1 (48 mer) was: 5'-TCGACTATGC TGTCTGATGA GTCCGTGAGG ACGAAACTGC AATCTGCA-3', and the sequence of oligo 2 (40 mer) was: 5'-GATTGCAGTT TCGTCCTCAC GGACTCATCA GACAGCATAG-3'.
Northern Blot Analysis
The total RNA from the injected or uninjected control zebrafish embryos at different developmental stages was isolated using the RNAzol method (24). Typically, 15 -100 µg of total RNA can be isolated from 30 to 100 eggs by using 400 µl of RNAzol solution and 50 µl of chloroform in a 1.5 ml microfuge tube. Northern blotting analyses were performed by using a NorthernMax Kit (Ambion). Usually, 8-10 µg of total RNA from each sample was used in the Northern blot analysis. A 900 bp ntl cDNA fragment (113-1012) was amplified from the total RNA isolated from 24 hour zebrafish embryos by a reverse transcriptase-PCR (RT-PCR). This fragment was used as the ntl probe in the Northern blotting analysis after being labeled with 32 P using a Random Primered DNA Labeling Kit (Boehringer Mannheim).
Phenotype Observation of Zebrafish Embryos
The early stage of embryonic development of the injected zebrafish eggs was monitored at predetermined time intervals under a dissecting microscope. The uninjected control embryos were compared side by side with the injected embryos at the same stage to help identify phenotypic changes in the manipulated embryos. Whenever a phenotypic change was observed, the embryo was photographed using a camera attached to the dissecting microscope, and the frequency of phenotypic change in each group was recorded and analyzed statistically. When photographing the zebrafish embryos older than 24 hours, which were mobile and constantly moving, the embryos were kept in a 15 mg/100 ml MS222 solution (methanesulfonate salt) to maintain the fries in an anaesthetized state.
Results and Discussion
Three targets on the ntl mRNA were selected ( Figure 2 ) and three ribozymes against these three targets were tested (12) . Only one ribozyme, targeting the CUC 435 site, was found to be effective in generating no tail phenotypes (Figure 2A, Figure 3, 12) . Although the reason for the differential effectiveness among the three ribozymes is presently unknown, the location and size of the loop harboring the CUC 435 site on the three dimensional structure of the ntl mRNA are suspected to be involved in the effective targeting. Among the three target sites, the CUC 435 site is the one located in the largest loop (14nt, Figure 2A ), which may allow this target sequence to be the most accessible to the ribozyme molecule.
It has been found that, under the injection conditions specified, 10 -20 % of the injected embryos develop into no tail phenotypes (Table 1 and Table 2 ). The total amount of pT7vaRz, pT7T7, and T7 RNAP injected into a zebrafish Figure 3 . No tail phenotypes generated from the zebrafish embryos injected with pT7vaRz plus pT7T7 plus T7 RNAP. Zebrafish embryos were injected at time zero (the beginning of fertilization) and photographed 96 hrs after injections. A, normal uninjected zebrafish embryo; B, partial no tail phenotypes generated by the injections; C, full no tail phenotype generated by the injection; D, a homozygous no tail mutant (ntl b195 ) embryo (12). egg also greatly affects the percentage of the phenotypic change in the injected embryos. The more DNA + T7 RNAP injected, the higher the percentage of the phenotypic change (unpublished observation). However, nonspecific, injection-related developmental abnormalities and embryo death in the injected embryos also significantly increase if the injection concentration increases beyond certain levels. Thus, it is recommended to determine experimentally the maximal and optimal injection concentrations. In addition, noninjected and injected controls should always be included in every injection experiment to distinguish the specific phenotype change from the nonspecific ones.
To ascertain if the phenotype observed was ntl-specific and if the phenotype could be objectively scored, a blind injection study was performed. Ntl ribozyme-producing DNA and control DNA were prepared in microfuge tubes and labeled numerically. The contents of each tube were unknown to the microinjectionist. Following injections, an examiner who knew the injected groups by number only was asked to distinguish the phenotypes of the ntl knockdown group from its control groups. This experiment was repeated three times with randomized sample labeling and the phenotype examiner correctly identified the ntl knockdown group and control groups in all three trials, demonstrating that the ntl knockdown phenotype can be reproducibly generated and that it can be objectively identified in comparison to its control groups. While the uninjected control groups occasionally show background levels of ntl-like phenotypes, the distinctive developmental pathway that leads to their morphological similarity does not involve degeneration of posterior tissue as seen in the true no tail phenotype, allowing them to be reliably discriminated from the ntl knockdown phenotype. Furthermore, these ntl-like phenotypes resemble more closely the partial no tail phenotype, which can be easily distinguished from the high percentages of the full no tail phenotype consistently seen in the ntl ribozyme-producing group.
Injections of pT7vaRz alone were sufficient to generate some no tail phenotypes (Table 1 and Table 2 ), suggesting that the va promoter is active at the early developmental stage in zebrafish. A Northern blot analysis on the RNA isolated from the injected fish embryos should be able to confirm this, and a primer extension study should be able to determine the differential contributions of the T7 and the va promoters to the ribozyme pool.
There is experimental evidence to suggest that the cytoplasmic localization of the T7-derived ntl ribozyme may be very important for the phenotype generation. Coinjections of pT7vaRz with pCMVT7nls, a CMV promoter-driven nuclear T7 RNAP, did not further increase the rates in no tail phenotype generation in the injected zebrafish embryos than did the pT7vaRz alone (Table 2) , whereas the addition of pCMVT7 to pT7vaRz did improve the rates (Table 1) . Although the pCMVT7 is somewhat effective, it is not sufficient itself to replace pT7T7 and T7 RNAP in generating no tail phenotypes (Table 1) .
These results suggest that the cytoplasmically synthesized ribozyme may be more effective than the nuclearly generated ribozyme in targeting and cleaving the ntl mRNA. However, it is not clear at this moment whether the significant decrease in no tail phenotype change, generated by injecting pCMVT7nls or pCMVT7 replacing pT7T7, was caused by the nuclear localization of the T7 RNAP (and the consequent nuclear localization of the T7nls-synthesized ntl ribozyme) or by slower and lower ribozyme production due to the CMV promoter, or the combination of both. These different possibilities are currently being investigated.
Cytoplasmic synthesis and localization of the ribozyme (12, (25) (26) (27) , as well as the rapidity and high levels of ribozyme synthesis, are likely to be the most important factors that contributed to no tail phenotypes in the injected zebrafish embryos (12) . The speed of the ribozyme synthesis can be further adjusted by changing the ratios of pT7vaRz, pT7T7, and T7 RNAP ( Table 2 ). Because the synthesis of pT7T7-derived T7 RNAP requires both transcription and translation processes, the speed of T7 RNAP synthesis is more easily altered by changing the concentration of the coinjected T7 RNAP than by increasing the coinjected pT7T7. However, the role of the pT7T7 autogene may become more important for those gene targets whose expressions are not as early as the ntl gene. Under those situations, it may be more effective to change the concentration of the pT7T7 autogene than the T7 RNAP, since the expression of the pT7T7 is more persistent than the enzymatic activity of the injected T7 RNAP.
It has been found that the no tail phenotypic change may take 2 to 3 days to complete (Figure 3) . It is recommended that injected embryos be monitored for at least 3 days starting 20 hrs after injection. Although the no tail phenotype observed in the injected embryos was identical to those in the no tail mutant (ntl b160 or ntl b195 ) at 3 days post fertilization, the appearance of no tail phenotype in the injected embryos was always later than the no tail mutants. Also, the shrinkage of the tail in the first two days in the injected embryos was not as severe as in the no tail mutant embryos. This can be explained as the incomplete block of ntl protein synthesis in the injected embryos, because it has been found that a transplant of a small number of cells expressing the ntl gene into the homozygous no tail mutant embryos is sufficient to rescue the embryos (28) . It is believed that this ribozyme mediated gene knockdown strategy for gene function determination would work more effectively with dominant genes than recessive ones in producing detectable phenotypic changes, because it works fairly effectively in targeting a dominant recessive gene such as ntl gene and in giving a visible phenotypic change.
Two other gene knockdown approaches have been used in zebrafish: injection of double-stranded RNA (dsRNA) and morpholino-oligonucleotides. Although numerous papers reported phenotype generations by dsRNA, two recent findings showed that so many nonspecific effects were produced by dsRNA injections that researchers were unable to distinguish the zebrafish population generated by target-specific dsRNA from those generated from non-specific dsRNA injections in blind studies (29, 30) . A very recent publication showed effective targeted gene knockdown in zebrafish by morpholinooligonucleotides on multiple genes (31) . Because of potential differences in mode of inhibition, level of inhibition, time and duration of inhibition, target specificity, cytotoxicity of the knockdown molecules, and cost, the ribozyme-mediated approach may provide an attractive alternative to the morpholino-oligonucleotide approach.
This and previous studies have demonstrated that the T7 autogene-derived cytoplasmic ribozymes can be a very powerful tool for the determination of biological functions of zebrafish genes, such as ntl , as well as for genes from other species, including humans. One significant advantage of this ribozyme-mediated gene knockdown approach is that only partial gene sequences are required for targeting and identification of gene functions if the complete gene sequence is not available. In addition, zebrafish offers an attractive alternative animal model with several distinctive features for studying developmental genetics: rapid embryonic development for fast turnover rates, oviparous and transparent embryos for convenient observation, as well as relatively low maintenance cost compared to other mammalian animal models. Therefore, this approach, the T7 autogene-derived ribozyme coupled with the zebrafish model, may significantly accelerate the elucidation of the biological functions of newly discovered genes.
